One-sentence summary: OsDMC1, a conserved recombinase, maintains the 21 stability of the SEI process but is not required for homologous pairing in rice, which 22 is quite different from the DMC1 homologs identified so far in other organisms. 
INTRODUCTION

62
Meiosis involves two successive rounds of nuclear division combined with a 63 single round of DNA replication (Petronczki et al., 2003) . To ensure accurate 64 chromosome segregation, crossovers (COs) must form between homologous 65 chromosomes during meiosis I in most eukaryotes. COs result from meiotic 66 homologous recombination (HR), which is initiated by a double-strand break (DSB) 67 produced through the catalysis of conserved SPO11 proteins (Keeney et al., 1997;  68 Youds and Boulton, 2011) . In Saccharomyces cerevisiae and Schizosaccharomyces 69 pombe, SPO11 proteins are covalently linked to the 5' termini of a DSB, and released 70 together with a short DNA oligonucleotide. This process is mediated by the 71 Mre11/Rad50/Xrs2-Nbs1 (MRX/N) complex and Sae2/Com1 (Neale et al., 2005;  72 Uanschou et al., 2007; Milman et al., 2009) . Then the MRX/N complex and Exo1 73 resect the 5' termini to produce the 3' end of the DSB in yeast (Farah et al., 2009; 74 Zakharyevich et al., 2010) . The 3' end is initially protected by the replication protein A 75 (RPA) complex. The RPA complex is subsequently released when two 76 strand-exchange proteins, RADiation sensitive51 (Rad51) and Disrupted Meiotic 77 cDNA1 (Dmc1), are loaded onto the 3' end in yeast and human (Fanning et al., 2006;  78 Sung and Klein, 2006) . human (Bishop et al., 1992; Shinohara et al., 1992; Habu et al., 1996) . These proteins 81 catalyze strand exchange, as demonstrated in vitro (Sung, 1994; Li et al., 1997;  Sehorn et al., 2004) . In most eukaryotes that have been investigated, Rad51 is present 83 in both mitotic and meiotic cells, whereas Dmc1 is found specifically in meiotic cells 84 (Neale and Keeney, 2006; Sung and Klein, 2006) . In budding yeast, available 85 evidence indicates that Rad51 activity is attenuated by Hed1 to facilitate interhomolog 86 repair directed by Dmc1 (Tsubouchi and Roeder, 2006) . Additionally, Rad51 and 87 Dmc1 form nucleoprotein filaments on single-stranded DNA. These proteins then interhomologs. Thus, Rad51 may play an important role in a fail-safe mechanism for 94 JM formation in budding yeast (Cloud et al., 2012) . 95 In S. cerevisiae, mutations in DMC1 lead to abnormal synapsis and meiotic arrest 96 (Bishop et al., 1992) . In mouse, dmc1 −/− knockouts are sterile due to asynapsis or 97 non-homologous synapsis in spermatocytes (Pittman et al., 1998; Yoshida et al., 98 1998). Mutation of AtDMC1 results in asynapsis and random chromosome 99 segregation during meiosis I in Arabidopsis thaliana, but does not cause meiotic 100 arrest (Couteau et al., 1999) . AtDMC1 promotes interhomolog-biased DSB repair 101 governed by the axial element protein ASY1 .
102
Furthermore, ATR kinase is involved in regulating AtDMC1 accumulation at meiotic 103 DSB sites. The elimination of ATR allows AtDMC1 to mediate meiotic DSB repair, 6 even in the absence of AtRAD51 (Kurzbauer et al., 2012) .
105
OsDMC1A and OsDMC1B are two conserved rice DMC1 genes with highly 106 similar exonic sequences (Kathiresan et al., 2002 (Wang et al., 2011; Ji et al., 2012; Tang et al., 2014) . By contrast, zep1, Osmer3,
111
Oszip4 and Oshei10 do not exhibit defective pairing Wang et al., 112 2010; Shen et al., 2012; Wang et al., 2012 in eukaryotes, especially in monocots (Supplemental Fig. S1 ).
139
Two Tos17 insertion lines, NF8016 (Osdmc1a) and NE1040 (Osdmc1b), were 140 identified from the public rice insertion line database (Hirochika et al., 1996;  141 Yamazaki et al., 2001) . The insertion site within locus OsDMC1A was mapped to 142 exon 10 and that of OsDMC1B to intron 11 (Supplemental Fig. S2 ). Both Osdmc1a
143
and Osdmc1b exhibited normal vegetative growth and fertility (Fig. 1, A Fig. S3A ). An antibody against OsDMC1 was 159 raised in mouse using the conserved sequence between OsDMC1A and OsDMC1B. 160 To detect the specificity of anti-OsDMC1, we performed the western blot assay. The (Shao et al., 2011) . In the wild type, OsDMC1 172 signals initially appeared as punctate foci on chromosomes at leptotene ( Fig. 2A) , 173 gradually appearing as dense dot-like signals on zygotene chromosomes (Fig. 2B ).
174
During early pachytene, the signals began to attenuate (Fig. 2C) . They rapidly 175 diminished at pachytene (Fig. 2D ), and were absent from late pachytene chromosome 176 axes (Fig. 2E) . At zygotene, the localization of OsDMC1 in Osdmc1a and Osdmc1b 177 meiocytes was similar to that of the wild type (Supplemental Fig. S4, A Fig. S4C ), indicating that Osdmc1a Osdmc1b is a null mutant.
180
The meiotic process is disturbed in Osdmc1a Osdmc1b meiocytes were detected after meiosis II (Fig. 3I ). These results suggest that meiotic defects lead 212 to the sterility of Osdmc1a Osdmc1b.
OsDMC1 is not required for meiotic DSB formation
214
H2AX is an isoform of histone H2A. Upon DSB formation, phosphorylated 215 H2AX (γH2AX) rapidly accumulates around the break site, making γH2AX a useful 216 cytological marker for detecting DSB formation in most eukaryotes (Dickey et al., 217 2009). Therefore, we conducted dual immunolocalization in wild-type and Osdmc1a
218
Osdmc1b meiocytes using polyclonal antibodies against γH2AX and OsREC8. In 
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OsDMC1 is vital to synapsis, but not to homologous pairing 240 We also monitored the assembly status of the SC in Osdmc1a Osdmc1b (Fig. 4D) . In wild type, PAIR2 staining showed punctate 246 signals at leptotene. PAIR2 proteins became increasingly depleted from the synaptic 247 chromosomes during zygotene, and completely disappeared from chromosomes after 248 the synapsis was completed at pachytene (Wang et al., 2011 (Fig. 6I) . By contrast, there were a few bivalents in 277 most Osdmc1a Osdmc1b meiocytes, approximately 9.76% (n = 41) of which 278 contained 5S rDNA signals on one bivalent at the corresponding stages (Fig. 6J) . 279 Thus, bivalents might occur between homologs in Osdmc1a Osdmc1b. (Fig. 6F) . Similar results were also obtained 293 using other two BAC probes a0088I16 and a0002E05 (Fig. 6H) . Therefore, the 294 homolog pairing is probably achieved independently of OsDMC1. 
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Crossover formation is basically suppressed in Osdmc1a Osdmc1b 296 COs, which are necessary for the formation of stable bivalents, appear as 297 cytological chiasmata at diakinesis. Chiasmata exhibit the same molecular events as 298 COs and can be used to count the number of COs per cell (Jones, 1984) . From 299 diakinesis to metaphase I, the main cytological defect in Osdmc1a Osdmc1b was the 300 presence of abundant univalents. However, a few bivalents were occasionally 301 observed during metaphase I (Fig. 3E ). In addition, we calculated the rate of bivalent 302 generating in Osdmc1a Osdmc1b. Unlike the 100% bivalent rate in the wild type (n = 303 146), about 60.15% of observed Osdmc1a Osdmc1b meiocytes (n = 133) produced 304 one to two bivalents at metaphase I (Supplemental Fig. S9) Shen et al., 2012; Wang et al., 2012 
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homologous pairing (Wang et al., 2011; Ji et al., 2012; Ji et al., 2013; Tang et al., 330 2014). zep1, Osmer3, Oszip4 and Oshei10 display normal homologous pairing (Wang 331 et al., 2009; Shen et al., 2012; Wang et al., 2012 Osrad51c (Fig. 8 , A-E), while its localization was not affected at zygotene in zep1,
334
Osmer3, Oszip4 and Oshei10 (Fig. 8, F-I ). These results suggest that the function of 335 OsDMC1 depends on meiotic pairing factors.
336
OsRAD51C is required for homologous pairing and meiotic DSB repair in rice 337 (Tang et al., 2014 
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irregularly shaped univalents at diakinesis (Fig. 9 , B and F) and chromosome 342 entanglements at metaphase I (Fig. 9, C Fig. S10A ). At metaphase I, two signals were still separated, 347 and observed locating on chromosome entanglements (Supplemental Fig. S10B) . In 348 addition, we also determined the intensity of γH2AX signals in the triple mutant. 
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DISCUSSION
355
OsDMC1 is not required for homologous pairing, but it functions in SC assembly
356
In the current study, we determined that OsDMC1A and OsDMC1B are 357 functionally redundant during meiosis. It is generally believed that bouquet formation 358 is necessary for homologous pairing (Scherthan, 2001) . In Osdmc1a Osdmc1b, intermediates capable of assessing homology (Naranjo, 2012 
26
been demonstrated (Byun and Kim, 2014; Tang et al., 2014; Zhang et al., 2015 (Goedecke et al., 1999; Goldman and Lichten, 2000 (Tsubouchi and Roeder, 2006; Busygina et al., 2012) . Moreover, a 424 dmc1 mutation increased unequal sister-chromatid recombination (Grushcow et al., 425 1999; Thompson and Stahl, 1999) . Additionally, Rad51 and Dmc1 suppress meiotic 426 ectopic recombination (Shinohara and Shinohara, 2013 (Lynn et al., 2007 ). In the current study, COs were almost absent in Osdmc1a 
MATERIALS AND METHODS
454
Plant Materials
455
The japonica cultivar Nipponbare was used as the wild-type in our study. The GST fusion OsDMC1B peptide containing amino acids residues 1-176 was 494 expressed and purified antibodies to OsREC8 (Shao et al., 2011) , PAIR2 (Wang et al., 2011), mouse 512 antibodies to OsREC8, PAIR3, OsCOM1, OsMRE11, OsRAD51C, ZEP1, OsZIP4, 
31
OsMER3 and OsHEI10 individually Wang et 514 al., 2011; Ji et al., 2012; Shen et al., 2012; Wang et al., 2012; Ji et al., 2013; Tang et 515 al., 2014) . All above antibodies were previously generated in our laboratory. Burlingame, CA) is used to counterstain chromosomes on the slides (Wang et al., 531 2009).
532
Fluorescence in Situ Hybridization
533
FISH analysis was conducted according to Zhang et al (Zhang et al., 2005 
